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GENERAL RELATIVITY

GR remains the best ever
formulated theory of
gravitation

GR has been successfully
tested in the weak field regime

Tests of GR in the strong field
regime are required




COMPACT

End-points of stellar evolution

Formation associated with the
most violent phenomena of the
Universe

Responsible for the enrichment
of the Universe 1n heavy
elements

Great appeal to the grand public

STARS

'Chandra/Cas A




THE BEST TOOLS
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COMPLEMENTARITY

Q@ Understanding strong gravity is of fundamental importance
Q@ Several parallel approaches should be followed:

X-ray spectroscopy

Fast X-ray timing

Polarization measurements

Gravitational waves

Direct black hole imaging: radio, infra-red and ultimately
X-rays

Q@ We should use tools of different sizes and masses: X-ray
binaries with neutron stars, stellar mass black holes and AGNs



TOWARDS A COMMON GOAL

€

All these parallel approaches for the same goal:

¢ Testing GR in the strong field limit
¢ Understanding the nature of space and time

With the by products of:

Getting constraints on the fundamental parameters of
compact stars, e.g. black hole spin

Determining the properties of matter at supra-nuclear

density

.0 Getting a better understanding of accretion disk physics
g g 907
(relevant to many fields of modern astroph SICS)
Ly Pty






THE POWER OF X-RAY
TIMING

Q@ 90% of the energy will be radiated,
predominantly in X-rays, within the last 100 km

& Dynamical timescales of the accretion flow:
Q@ 0.1 msatl5kmofal.4d Msol neutron star

Q@ 1 msat 100 km (3Rs) of a 10 Msol black hole
—1 X-ray (sub)-ms variability probes the

motion of matter in the strong field region




RXTE BREAKTHROUGH

RXTE has demonstrated that the X-ray emission of accreting
compact objects varies on the dynamical timescales
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KILO-HZ QUASI-PERIODIC

OSCILLATIONS

O Detected 1n ~20 neutrons stars -
frequencies vary from ~100 to

1000 Hz

O Detected in a handful of stellar
mass black holes with constant

frequencies (~100 Hz, with a
possible 3:2 ratio)

O Strong energy dependency

O

Varies with spectral, luminosity
states, etc.

STROHMAYER (2001)

WEAK BH QPOS
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450 Hz (13 — 27 keV

300 Hz (2 — 12 keV)
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ORBITAL MOTION

The accretion disk 1s a natural
source of periodicities

(Keplerian motion)

OPOs have frequencies

expected from the Inner
accretion disk

High Q signals

It 1s natural (and most models
do) to 1identity QPOs with

orbital motion at a preferred

radius of the disk (inner disk

radius)

v = /GM/73 /21 ~ 1184 Hz ( r

15 km

-3/2
) mif ~ 184 Hz (

100 km

r ) —3,2

Mqp



INNERMOST STABLE

CIRCULAR ORBIT

Key prediction of strong-gravity General Relativity - There

exists a minimum radius beyond which no stable orbital

motion 1s possible

T

The higl

n1s radius 1s a function of the mass and spin of black hole

hest possible orbital frequency 1n the disk 1s at the

radius of the ISCO



ORBITAL MOTION AT THE
1ISCO?
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ZHANG ET AL. (1998)

Ceiling of frequency
predicted when the ISCO

1s reached

Visco ~ (1570/11114)1‘12

But seen in only one system so
far! and disputed results




CONSTRAINING BH SPIN

VQPO = Vk;(RISCO) —> GL/M >
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PSALTIS (2004)



DENSE MATTER
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3 GR FREQUENCIES

In GR, test particle orbits are
characterized by 3 frequencies:

Azimuthal
Radial epicyclic
Vertical epicyclic

All three frequencies depend

on the mass, spin and orbital

radius

ABRAMOWICZ & KLUZNIAK (2004)



RELATIVISTIC RESONANCE

280 a —

Resonance can occur between 240

relativistic orbital and epicyclic 200 .
frequencies E .
Proposed to explain the 3:2 20 ' :
ratios observed in BHs, and the 50 % - .
clustering of twin NS QPOs 40 |
around the same ratio 0

r/M

Abramowicz & Kluzniak
(PO



RELATIVISTIC RESONANCE
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[llustrates the power of fast X-ray timing

Abramowicz & Kluzniak
(PO



FORCED RESONANCE

kilo-Hz QPOs 1n accreting millisecond pulsar
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Epicyclic frequencies resonate with spin (Wiynands et al. 2003, Kluzmak et al. 2004)
Spin-orbit beat frequency equals vertical epicyclic (lamb & Miller 2003)



DRAGGING OF INERTIAL
FRAMES

Neutron stars

Periastron of eccentric orbit will 06
T ! |

precess (consequence of the non-1/r 80 |

O
o ° ° ° —— m
nature of gravity in GR, similar to T <) PR
Mercury perihelion precession) ol 8 L
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the frame-dragging efftect caused by
the spin of the central object (LLense- UrPER KILO-HZ GG
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Unodal X (I4B/M) (V¢) 2V5pin

But shows deviations and requires large
ratio I45/M (145 NS moment of inertia) Van der Klis (2004)
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BEYOND RXTE

We have observed orbital motions in the strong field region
Key questions arising:

Have we detected the ISCQO?

Have we detected epicyclic frequencies?

Have we detected the eftects of strong frame-dragging?

Evidence has been accumulated that the answers to these
questions 1s very likely yes !

Next step 1s to get definite answers and start doing true

astrophysics with black holes



MOTION IN STRONG
GRAVITY

W Orbital motion could be further demonstrated:

W with independent measurements of radius and frequency
through e.g. time resolved spectroscopy of the oscillation

W with simultaneous measurements of orbital and epicyclic
frequencies (and whenever possible the spin)

W with measurements of the frequency ceiling predicted at

the ISCO

W Point to the requirement to increase the timing and spectral

capability of fast X-ray timing studies



COUNTS IS WHAT COUNTS

n, < S rms® VT

S: source count rate
rms: QPO amplitude

T: Integration time

The 5 PCA units give 0.7 m2 over 3 to 50 keV

20 times more counts with the current XEUS optics

b (P@A) — > 1000, (10m®;
T(5n,(PCA)) — T/400(5n,(10m*))



PROBING ORBITAL MOTION

Ability to detect weak sidebands

predicted in many models

Extend QPO search - up to
[SCO frequency

Detect QPOs on their coherence
times - waveform fitting

Wil require working in parallel on
QPO models (GRMHD simulations)

and data analysts techniques
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TIME RESOLVED
SPECTROSCOPY

OPO-=series of finite lifetime wavetrains

RXTE/PCA
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CONCLUSIONS

Understanding strong gravity 1s a holy grail for moderm physics: It
must be tackled by several independent techniques

Fast X-ray timing 1s a powerful approach to probe strong
gravitational fields. Highly complementary to other techniques

The high-frequency phenomena discovered by RXTE (the tip of

the 1ceberg) are in most models associated with strong tield effects

A ~10m? collecting area will provide the leap in sensitivity needed
to turn these diagnostics into tests, but requires an instrumentation

capable of coping with extremely high count rates






REQUIREMENTS

® 10m? collecting area - from ~1 keV to ~50 keV (factor of 15
-20 increase 1n counting rate over the RXTE/PCA)

e 10 microsecond time resolution

o Ability to observe a 5 Mcts/s source (equivalent to 5 Crab)



SILICON DRIFT DETECTOR

High resistivity n-type tully depleted

Silicon

Small output capacitance due to the
small size of the anode

High count rate capabilities -

Good energy resolution (130 eV at
room temperature)

Space proven - flew on Mars/Rover
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Card PCB-v2
Effective time = 496 s
FWHM(5.9 keV) = 130 eV _

E (ke



IMPLEMENTATION

e Array of 19 SDDs operated

out of focus

e Electronics studied (deadtime
gonirol) at CESR with

ROENTEC/MPI/MPE  with
funding from French Space

Agency
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fast timing defector



